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Glutamine, the most abundant free amino acid in the bloodstream, is the primary fuel source for enterocytes and is essential for gut homeostasis and health. Glutamine, traditionally termed a nonessential amino acid, is now considered "conditionally essential" for the small bowel mucosa since consumption exceeds the rate of production during high catabolic states (e.g., trauma, sepsis, and postsurgery). Glutamine is an essential component for numerous metabolic functions including acid-base homeostasis, gluconeogenesis, nitrogen transport, and synthesis of proteins and nucleic acids (28) . Enteral glutamine is thought to stimulate intestinal mucosal protein synthesis and protect against apoptosis. In vivo animal and clinical studies have shown that glutamine deprivation leads to villous atrophy, mucosal ulcerations, and cell necrosis (19) . Previous studies have demonstrated that the addition of glutamine to TPN and liquid elemental diets reduces gut mucosal atrophy (8, 13 ). The molecular mechanisms by which glutamine promotes cell survival and prevents apoptosis in the small bowel mucosa have not been well defined.
Major signaling pathways that contribute to cell growth and survival include mitogen-activated protein kinases (MAPKs) and phosphatidylinositol 3-kinase (PI3K) (2, 9, 10, 24, 32) . These pathways are activated in a cascade-like fashion by numerous growth factors. Once activated, they phosphorylate various downstream substrates, eliciting specific cellular responses. At least three MAPKs have been identified in mammalian cells: extracellular signal-related kinase (ERK or p42/ p44 MAPK), c-Jun amino-terminal kinase (JNK), and p38 MAPK (17) . ERK is an important signal pathway for DNA synthesis, cell proliferation, and antiapoptosis in numerous cell lines (17, 32) . JNK and p38 are considered to be stress-related kinases, and activation often leads to apoptosis (18) . PI3K is an ubiquitous lipid kinase comprising a large and complex family with multiple subunits and isoforms (2, 9, 10, 20, 43) . Together these subunits catalyze upstream effectors, which, in turn, phosphorylate (i.e., activate) Akt kinase. Previous studies have shown that PI3K activation is closely associated with the proliferative activity of intestinal mucosa; treatment of mice with PI3K inhibitors (e.g., wortmannin) blocked PI3K activity and attenuated intestinal mucosal proliferation associated with refeeding after a 48-h fast (35) . Protein kinase D (PKD) is a novel protein kinase, which is structurally and functionally distinct from the PKC family (29, 39) . Oxidative stress has been shown to activate PKD in intestinal epithelial cells and appears to play a protective role in cell survival (38) . Although there are reports documenting the proliferative or protective effects of the MAPKs, PI3K, and PKD in the intestine, little is known regarding the molecular mechanisms contributing to glutamine-mediated intestinal cell proliferation and survival. Therefore, the purpose of our current study was to investigate possible signal transduction pathways that are responsible for the effects of glutamine in intestinal cells.
MATERIALS AND METHODS

Materials.
The anti-phospho-ERK (1/2), anti-phospho-PKD (Ser916), anti-phospho-Akt, anti-phospho-JNK, and anti-phospho-p38 antibodies and Cell Lysis Buffer were from Cell Signaling Technology (Beverly, MA). The secondary antibodies were from Pierce (Rockford, IL). The enhanced chemiluminenescence (ECL) system for Western immunoblot analysis was from Amersham (Arlington Heights, IL). The concentrated protein assay dye reagent was from Bio-Rad (Hercules, CA). Tissue culture media and reagents were from Mediatech (Herndon, VA). MAPK kinase (MEK) inhibitors U-0126 and PD-98059 were from Promega (Madison, WI) and Biomol International (Plymouth Meeting, PA), respectively. PKC/PKD and nontarget control (NTC) small interfering (si)RNA was synthesized by Custom SMARTPool siRNA Design Service of Dharmacon (Lafayette, CO). Isopropyl-1-thio-␤-D-galactopyranoside (IPTG) was purchased from Life Technologies (Gaithersburg, MD). The In Vitro Toxicology Assay Kit (sulforhodamine B), the PI3K inhibitor wortmannin, and all other reagents of molecular biology grade were purchased from Sigma Chemical (St. Louis, MO cDNA, generated by using LacSwitch eukaryotic expression system, is under the transcriptional control of the Lac operon in RIE-1 cells. RIE-iRas cells were used between passages 5 and 25 and maintained in DMEM containing 10% FBS, 400 g/ml G418 sulfate, and 150 g/ml hygromycin B in 5% CO 2 at 37°C. IPTG (5 mM) was used to induce Ha-ras expression. All experiments were conducted in serumfree media and performed on three separate occasions. For siRNA studies, 3 ϫ 10 6 RIE-1 cells were transfected by electroporation (400 V, 500 F) using GenePulser XCell (Bio-Rad). Following electroporation, cells were seeded in 60-mm dishes for 24 h before use in experiments. Cells were then washed with PBS and deprived of glutamine for 24 h; glutamine (1 mmol/l) or vehicle (control) was then readded, and cells were harvested 24 h later. All experiments were conducted in serum-free media.
Protein extraction and Western blot analysis. RIE and RIE-iRas cells were plated (2 ϫ 10 6 cells/100-mm plate) 24 h before experiments and grown to 90 -95% confluence. Cells were then washed and deprived of glutamine for 24 h; glutamine (1 mmol/l) or vehicle (control) was then readded and cells were harvested over a time course (0 -24 h). For inhibitor studies, cells were glutamine-deprived for 24 h and then treated with MEK inhibitors [U-0126 (10 M) or PD-98059 (20 M)] or vehicle in the presence or absence of glutamine. After treatment, cells were washed with PBS and lysed using cell lysis buffer. Protein concentrations were calculated using the method described by Bradford (6) . Equal amounts of protein were then resolved on NuPAGE Bis-Tris gels and electrophoretically transferred to polyvinylidene difluoride membranes; the membranes were incubated with primary antibodies overnight at 4°C followed by secondary antibodies conjugated with horseradish peroxidase, as we have previously described (44) . Membranes were developed using the ECL PLUS detection system. MTT cell viability assay. Cell proliferation was determined by assaying the reduction of MTT to formazan, as we have previously described (12) . Briefly, cells were plated in 96-well plates (100 l, 5,000 cells/well; 6 wells per treatment) 24 h before treatment. After a 24-h treatment, tetrazolium salts from the Cell Proliferation Kit were added, and the production of blue formazan produced by viable cells was measured at an absorbance of 570 nm (against a reference of 650 nm) per the manufacturer's protocol.
In vitro toxicology assay (sulforhodamine B). Total cellular biomass was determined by measuring the amount of sulforhodamine B dye incorporated by viable cells, as described previously (37) . Briefly, cells were plated in 96-well plates (100 l, 10,000 cells/well; 6 wells per treatment) 24 h before treatment. After a 24-h treatment, cells were fixed in 50% TCA at 4°C for 1 h, washed, and air dried. Plates were stained with sulforhodamine B for 30 min followed by a 10% acetic acid wash. The incorporated dye in viable cells was then solubilized in 10 mM Tris base and measured at an absorbance of 570 nm per the manufacturer's protocol.
DNA fragmentation ELISA assay. RIE-1 cells (1 ϫ 10 5 cells/well; 4 wells per treatment) were seeded in 24-well plates for 24 h, as we have previously described (44) . Cells were treated with various combinations of media (in the presence or absence of glutamine and in the presence or absence of FBS). For inhibitor studies, RIE-1 cells were grown in the presence or absence of glutamine and treated with MEK inhibitors [U-0126 (10 M) or PD-98059 (20 M)] or vehicle for 24 h. RIE-iRas cells were maintained in the presence or absence of glutamine and treated with U-0126 (10 M) or vehicle and IPTG (5 mM). After treatment, both adherent and floating cells were centrifuged and lysed, and the cell lysate was added to streptavidincoated 96-well plates. DNA fragmentation (a measure of apoptosis) was quantitated by examination of cytoplasmic histone-associated DNA fragments (mononucleosomes and oligonucleosomes) using a Cell Death Detection ELISA PLUS kit following the manufacturer's protocol.
Caspase-3 colorimetric assay. RIE-1 cells were seeded in 100-mm plates (2 ϫ 10 6 cells/plate; 2 plates per treatment) for 24 h before treatment. Cells were maintained in the presence or absence of glutamine (1 mmol/l) for 24 h. Both adherent and floating cells were collected, washed with PBS, and lysed. The cell lysate was then analyzed for caspase-3 activity by the addition of a caspase-specific peptide conjugated with the color reporter molecule p-nitroanaline. Caspase-3 activity (as a measure of apoptosis) was then quantitated spectrophotometrically at a wavelength of 405 nm per the manufacturer's protocol. Results were expressed as fold change.
Annexin V-FITC apoptosis assay. RIE-1 cells (1 ϫ 10 6 cells/plate; 3 plates per treatment) were seeded in 60-mm plates for 24 h. Cells were maintained in the presence or absence of glutamine (1 mmol/l) for 24 h. For inhibitor studies, RIE-1 cells were maintained in the presence or absence of glutamine and simultaneously treated with either U-0126 (10 M), PD-98059 (20 M), wortmannin (100 nM), or vehicle. Both adherent and floating cells were collected; 5 ϫ 10 5 cells were double stained with propidium iodide (PI) and annexin V-fluorescein isothiocyanate (FITC), as we have described previously (21) . Cells were immediately analyzed by a two-channel fluorescentactivated cell scanner (FACS) (Canto; Becton Dickinson, Franklin Lake, NJ) per the manufacturer's protocol. The total percentage of apoptotic cells was measured by counting the number of FITC ϩ -and FITC ϩ /PI ϩ -stained cells by flow cytometry (20,000 events/plate). Statistical analysis. All experiments were repeated at least three times, and data are reported as means Ϯ SE. Absorbance of cell proliferation (cell growth) and DNA fragmentation (cell death) were analyzed using analysis of variance for a randomized complete block design with a factorial treatment arrangement. The factors were glutamine (absent or present) and U-0126 or PD-98059 (absent or present). For glutamine concentration studies, the two factors were glutamine concentration (5 levels ϩ control) and incubation time (24 and 48 h). The block represented each set of experiments repeated three times. Bartlett's test was used to test homogeneity of four error terms (the interaction terms with the block). If all four error terms were homogeneous, they were pooled into one error term and the data were analyzed as a simple randomized complete block design using PROC GLM in SAS, Release 9.1 (31) . If, on the other hand, all four error terms were not homogeneous, the data were analyzed as a three-factor mixed model using PROC MIXED with LSMEANS option and Satterthwaite approximation for the denominator degrees of freedom in SAS. For the FBS study, absorbance of cell proliferation and DNA fragmentation were analyzed using analysis of variance for a two-factor factorial experiment with PROC GLM. The two factors were glutamine (absent or present) and FBS (absent or present). Caspase-3 activity was analyzed using a two-sample t-test. Cell counts were analyzed using analysis of variance for a two-factor factorial experiment. The two factors were glutamine (absent or present) and incubation time (24 and 48 h). The main effects were assessed at the 0.05 level of significance. Since the interaction was expected, the interaction was assessed at the 0.15 level of significance. Fisher's least significant difference procedure was used for multiple comparisons with Bonferroni adjustment for the number of comparisons. When the numbers of measurements among blocks (or experiments) were unbalanced, the least square means was used for the multiple comparisons.
RESULTS
Glutamine supplementation stimulates cell growth and prevents apoptosis.
We first determined the effects of varying glutamine concentrations on cell growth. Physiological concentrations of glutamine in the small intestine are reported to be ϳ1 mmol/l (11, 16, 27) ; supplementation of glutamine at 1 mmol/l showed a significant increase in RIE-1 cell proliferation and was therefore used for all subsequent experiments (data not shown).
Next, we compared cell proliferation of cells deprived of glutamine and FBS with cells grown in the presence of either glutamine or FBS (5%) to establish that FBS-starved cells were viable and able to proliferate, thus eliminating any possible effects of other growth factors on cell survival. In glutamineand serum-starved cells, proliferation was significantly reduced compared with glutamine, FBS, or a combination of both factors (Fig. 1A) . There was no statistical difference in cell proliferation of cells grown in either glutamine alone, FBS alone, or glutamine and FBS. To confirm the effect of glutamine on cell proliferation, we next determined total cell numbers. RIE-1 cells (1.5 ϫ 10 6 ) were plated and grown in the presence or absence of glutamine for 24 and 48 h. The media was removed, and live cells were gently washed twice with PBS, trypsinized, and counted using a Coulter Cell Counter Fig. 1 . Glutamine deprivation reduces cell growth and increases apoptosis. A: rat intestinal epithelial (RIE)-1 cells were maintained in DMEM with or without glutamine (Gln) (1 mmol/l) and fetal bovine serum (FBS) (5%). Cell proliferation was measured by MTT assay [*P Ͻ 0.05 vs. control (Gln-deprivation)]. B: RIE-1 cells were grown in the presence or absence of glutamine for 24 and 48 h. Cells were then trypsinized and counted using a Coulter Particle Counter (*P Ͻ 0.05 vs. control at 24 and 48 h; †P Ͻ 0.05 vs. Gln-treated at 24 h). C: RIE-1 cells were maintained in the presence or absence of glutamine (1 mmol/l) and FBS (5%) for 24 h. DNA fragmentation ELISA was then performed as a measure of apoptosis (*P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. control, Gln-treated, and Gln-deprived/FBS treated). D: RIE-1 cells were maintained in the presence or absence of glutamine for 24 h. Caspase-3 activity was then measured as a marker of apoptosis. Results are expressed as fold change compared with cells maintained in the presence of glutamine (*P Ͻ 0.05 vs. control). E: RIE-1 cells were maintained in the presence or absence of glutamine for 24 h. Following treatment, the total percentage of apoptotic cells were determined by annexin V-FITC staining (*P Ͻ 0.05 vs. control). (Results are from 3 separate experiments; experiments were conducted in serum-free media unless otherwise noted.) (Fig. 1B) . Cell numbers were unchanged at 24 h in cells maintained in glutamine; however, at 48 h there was an ϳ1.6-fold increase in cell numbers. Conversely, glutaminedeprived cells had an approximate three-and fourfold decrease in cell numbers at 24 and 48 h, respectively.
Previous studies have demonstrated that glutamine deprivation induces apoptosis (22, 23) . Therefore, we examined DNA fragmentation as a marker of apoptosis in the presence or absence of glutamine and FBS. Glutamine deprivation significantly increased apoptosis compared with cells grown in the presence of glutamine (Fig. 1C) . There was no statistical difference in levels of apoptosis when cells were grown in the presence of either glutamine or FBS; however, cells grown in the presence of both factors had significantly lower levels of apoptosis suggesting a synergistic effect of these two growth factors on RIE-1 cell survival. We next analyzed caspase-3 levels to further confirm increased apoptosis in glutaminestarved cells. Caspase-3 is an intracellular cysteine protease that, upon activation by apoptotic signals, acts on downstream targets, resulting in cell death (22) . Glutamine-deprived cells had an ϳ3.5-fold increase in caspase-3 levels compared with cells maintained in the presence of glutamine (Fig. 1D) . Finally, we analyzed apoptosis by annexin V-FITC staining. RIE-1 cells were double stained with annexin V-FITC and propidium iodide and analyzed by flow cytometry. Early apoptotic cells are stained with annexin V-FITC, whereas late apoptotic cells were stained with both annexin V-FITC and propidium iodide. RIE-1 cells maintained with or without glutamine demonstrated a similar percentage of cells undergoing early apoptosis (annexin V-FITC staining only) (6.2 vs. 4.0%); however, the percentage of cells staining for both annexin V-FITC and propidium iodide (late apoptosis) was significantly increased with glutamine deprivation compared with cells maintained in glutamine (18.2 vs. 5.1%) (Fig. 1E) . Taken together, our results confirm that physiological concentration of glutamine stimulates RIE-1 cell growth and that glutamine deprivation induces apoptosis in RIE-1 cells.
Glutamine increases expression of phosphorylated ERK and PKD (916) ; phosphorylated Akt levels are suppressed. To investigate the molecular mechanisms responsible for the proliferative effects of glutamine in the intestine, we determined effects of glutamine on the activation of signaling pathways known to be either proliferative and/or protective in the gut. RIE-1 cells were deprived of glutamine for 24 h and then supplemented with glutamine (1 mmol/l) or vehicle (control) for a further 24 h. Glutamine supplementation increased phosphorylated ERK at 1, 2, and 4 h (Fig. 2A ). There were no changes in total ERK or ␤-actin levels (protein-loading controls). Additionally, PKD, a novel class of proteins that has been shown to be important in cell survival and proliferation, was activated by glutamine supplementation. Phosphorylated PKD (916) levels were increased at 1, 2, 4, and 24 h with minimal to no changes in total PKD levels or ␤-actin levels (Fig. 2B) . In both instances, the experiment was repeated at 8-and 12-h time points with a similar induction of phosphorylated ERK and phosphorylated PKD after glutamine treatment (data not shown).
The PI3K/Akt pathway has been reported to play a vital role in cell survival and proliferation (9, 10, 24) . Following 24 h of glutamine starvation, RIE-1 cells refed with vehicle (i.e., no glutamine) demonstrated increased levels of phosphorylated Akt at all time points (Fig. 2C) . Conversely, levels of phosphorylated Akt decreased following the addition of glutamine starting at 2 h and remained decreased at all subsequent time points. Total Akt and ␤-actin levels were unchanged.
The p38 and JNK signaling pathways have been implicated in apoptotic signaling (18) . However, in multiple experiments, we noted minimal to no changes in phosphorylated p38 or JNK levels in either the control or refed cells (data not shown).
Inhibition of PI3K/Akt following glutamine deprivation increases apoptosis. Glutamine-deprived RIE-1 cells demonstrated increased phosphorylation of Akt following prolonged (Ͼ24 h) starvation. To examine the role of Akt in RIE-1 cell survival, cells were treated with the selective PI3K inhibitor wortmannin. RIE-1 cells were maintained in the presence or absence of glutamine for 24 h and then treated with wortmannin (100 nM) or vehicle for a further 3 h; DNA fragmentation was then assessed. Similar to our previous results, glutamine deprivation significantly increased DNA fragmentation compared with cells maintained in glutamine; inhibition of PI3K with wortmannin further enhanced DNA fragmentation compared with glutamine deprivation alone (Fig. 3A) . The addition of wortmannin to RIE-1 cells maintained in glutamine did not increase apoptosis compared with cells treated with glutamine and vehicle. To confirm apoptosis, cells were analyzed by annexin V flow cytometry. Glutamine-deprived RIE-1 cells treated with wortmannin (100 nM) demonstrated a significant increase in the percentage of cells staining for annexin V-FITC and propidium iodide (late apoptosis) compared with glutamine-deprived only (25.7 vs. 18.2%, respectively) and cells maintained in glutamine (25.7 vs. 5.1%, respectively) (Fig.  3B) . Levels of apoptosis, as measured by annexin V flow cytometry, were similar to levels detected by DNA fragmentation. Western blot analysis confirmed that phosphorylated Akt was inhibited following wortmannin treatment (Fig. 3C) . These results suggest that cellular stress (i.e., glutamine deprivation) induces Akt in intestinal cells, likely as a protective mechanism to limit cell death; inhibition of PI3K/Akt enhances apoptosis. The PI3K/Akt pathway does not appear to be mediating the proliferative effects of glutamine, as noted by the inhibition of phosphorylated Akt expression with glutamine treatment.
ERK, but not PKD, inhibition increases RIE-1 cell apoptosis. The strong activation of ERK by glutamine treatment led us to postulate that this protein may play a critical role in intestinal cell survival mediated by glutamine. To test this hypothesis, RIE-1 cells were treated with the selective MEK inhibitors U-0126 or PD-98059. First, cells were maintained in the presence or absence of glutamine and treated with U-0126 (10 M) or vehicle (DMSO). After 24 h, DNA fragmentation was measured. In the presence of glutamine, U-0126 treatment significantly increased apoptosis compared with vehicle-treated RIE-1 cells (Fig. 4A) . Glutamine-deprived cells treated with U-0126 also demonstrated increased DNA fragmentation compared with glutamine-deprived cells alone; however, when the two U-0126 treatment groups were compared, RIE-1 cells maintained in glutamine demonstrated significantly higher levels of DNA fragmentation. Increased apoptosis was confirmed by annexin V flow cytometry. RIE-1 cells maintained in the presence of glutamine and treated with U-0126 demonstrated a significant increase in the percentage of cells undergoing apoptosis compared with cells maintained in glutamine only (29 vs. 91%, respectively) (Fig. 4B) ; the overall percentage of apoptotic cells was similar to that of glutamine-deprived cells. Western blot analysis confirmed that phosphorylated ERK was blocked in U-0126-treated cells (Fig. 4C) . To confirm these results, we repeated the experiments using the MEK inhibitor PD-98059. Similar to our results with U-0126, the addition of PD-98059 (20 M) in the presence of glutamine significantly increased DNA fragmentation (Fig. 4D) . Increased apoptosis was confirmed with annexin V flow cytometry. Again, the percentage of cells undergoing late apoptosis was increased in cells maintained in glutamine treated with PD-98059 compared with cells maintained in the presence of glutamine only (21.4 vs. 5.1%, respectively) (Fig. 4E) . Western blot analysis confirmed that phosphorylated ERK was blocked in PD-98059-treated cells (Fig. 4F) .
PKD (916) activation was observed in RIE-1 cells following glutamine treatment. To better delineate the possible role of PKD (916) in RIE-1 cell survival, cells were transfected with siRNA targeting PKC/PKD. Glutamine treatment decreased levels of DNA fragmentation, despite PKD siRNA transfection; inhibition of PKD following siRNA transfection was confirmed by Western blot analysis although there was variability in the levels of protein suppression. A supplemental figure for this article is available online at the American Journal of Physiology Gastrointestinal and Liver Physiology website.
RIE-1 cell proliferation is not affected by ERK inhibition.
To examine the role of ERK inhibition on cell proliferation, RIE-1 cells were maintained in the presence or absence of glutamine and treated with either U-0126 (10 M), PD-98059 (20 M), or vehicle for 24 h. Cell proliferation was analyzed by MTT assay. Cells maintained in media containing glutamine and treated with U-0126 or PD-98059 did not show a significant difference in cell proliferation compared with cells maintained in glutamine and treated with vehicle (Fig. 5, A and B, respectively) . Glutamine-deprived cells, regardless of the treatment Fig. 3 . Akt inhibition increases RIE-1 cell apoptosis following glutamine deprivation. A: RIE-1 cells were maintained in the presence or absence of glutamine (1 mmol/l) for 24 h. Cells were then treated with the phosphatidylinositol 3-kinase (PI3K) inhibitor wortmannin (100 nM) or vehicle for an additional 3 h; DNA fragmentation ELISA was then performed (*P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. Gln-deprived ϩ wortmannin). B: RIE-1 cells were maintained in the presence or absence of glutamine for 24 h. Cells were then treated with wortmannin (100 nM) or vehicle for an additional 3 h. Following treatment, the total percentage of apoptotic cells were determined by annexin V-FITC staining (*P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. Gln-deprivation ϩ wortmannin). C: RIE-1 cells were maintained in the presence or absence of glutamine for 24 h. Cells were then treated with wortmannin (100 nM) or vehicle for an additional 3 h. Akt phosphorylation was detected by Western blot analysis using anti-phospho-Akt (Ser473) antibody. The membranes were stripped and reprobed with anti-Akt antibody to measure total Akt protein levels. Membranes were probed with ␤-actin as loading control. All experiments (A-C) were performed in serum-free media. (Western blot analyses were representative of 3 separate experiments. Results from DNA fragmentation ELISA and annexin V flow cytometry were performed in triplicate on 3 separate occasions.) (inhibitor or vehicle), showed a statistically significant decrease in cell proliferation. These results were confirmed by conducting identical experiments and measuring total cellular biomass (a marker of cell proliferation) using a sulforhodamine B assay (Fig. 5, C and D, respectively) . Similar to our results with MTT assay, the addition of either U-0126 or PD-98059 to cells maintained in glutamine did not significantly reduce total cellular biomass. These results suggest that, although ERK plays an important role in preventing apoptosis, it has a minimal role in promoting cell proliferation in RIE-1 cells supplemented with glutamine.
ERK inhibition increases RIE-iRAS cell apoptosis. Finally, to further delineate the role of ERK in glutamine-mediated intestinal cell survival, we utilized RIE-iRas cells, which have been engineered to express Ha-ras when treated with IPTG (33, 34) ; induction of Ha-ras increases ERK in a cascade-like fashion. Western blot analysis confirmed increased levels of phosphorylated ERK following IPTG treatment at 8 and 24 h Fig. 4 . ERK inhibition induces apoptosis in glutamine-treated RIE-1 cells. A: RIE-1 cells were maintained in the presence or absence of glutamine (1 mmol/l) and treated with U-0126 (10 M) or vehicle for 24 h; DNA fragmentation ELISA was then performed (*P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. Gln-treated without U-0126; ‡P Ͻ 0.05 vs. Gln-deprived ϩ U-0126). B: RIE-1 cells were again maintained in the presence or absence of glutamine (1 mmol/l) and treated with U-0126 (10 M) or vehicle for 24 h. Following treatment, the total percentage of apoptotic cells was determined by annexin V-FITC staining (*P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. Gln-treated alone; ‡P Ͻ 0.05 vs. Gln-treated ϩ U-0126). C: RIE-1 cells were maintained in the presence or absence of glutamine (1 mmol/l) for 24 h. Cells were then treated with U-0126 (10 M) or vehicle for a further 4 h. Cells were lysed, and protein was collected at 1 and 4 h. Protein phosphorylation was detected by Western blot analysis using anti-phospho-ERK (Thr202/Tyr204) antibody. Membranes were stripped and reprobed with ant-ERK antibody to measure total ERK protein levels and ␤-actin as loading control. D: similar to experiments in A, cells maintained in the presence or absence of glutamine were treated with PD-98059 (20 M) or vehicle for 24 h; DNA fragmentation ELISA was performed (*P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. Gln-treated without PD-98059; ‡P Ͻ 0.05 vs. Gln-deprived ϩ PD-98059). E: similar to experiments in B, cells were maintained in the presence or absence of glutamine and simultaneously treated with PD-98059 (20 M) for 24 h. Following treatment, the total percentage of apoptotic cells was determined by annexin V-FITC staining (*P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. Gln-treated without PD-98059). F: RIE-1 cells were maintained in the presence or absence of glutamine for 24 h. Cells were then treated with PD-98059 (20 M) for a further 4 h. ERK phosphorylation was detected by Western blot analysis using anti-phospho-ERK antibody. The membranes were stripped and reprobed with anti-ERK antibody to measure total ERK protein levels and ␤-actin as loading control. (Western blot analyses in C and F were representative of 3 separate experiments. Results from DNA fragmentation ELISA and annexin V flow cytometry were performed in triplicate on 3 separate occasions.) (Fig. 6A) . Based on our previous results, we hypothesized that activation of ERK following IPTG treatment in RIE-iRas cells would promote cell survival even in the absence of glutamine. To test this hypothesis, RIE-iRas cells were maintained in the presence or absence of glutamine and treated with IPTG (5 mM) or vehicle for 24 h. Increased DNA fragmentation was noted in glutamine-deprived RIE-iRas cells; the addition of IPTG significantly reduced apoptosis (Fig. 6B) . In the presence of glutamine, the addition of IPTG significantly decreased apoptosis compared untreated cells (Fig. 6B) . To further confirm the role of ERK in intestinal cell survival, we next treated RIE-iRas cells with U-0126 in conjunction with IPTG. Cells were maintained in the presence or absence of glutamine and pretreated with U-0126 (10 M) or vehicle (DMSO); after 30 min, cells were treated with IPTG (5 mM), and DNA fragmentation was measured at 24 h. U-0126 treatment significantly increased DNA fragmentation, despite the presence of glutamine and IPTG (Fig. 6C) . ERK inhibition was confirmed by Western blot analysis (Fig. 6D) . Thus by utilizing RIE-iRas cells with inducible Ha-ras, we have demonstrated that the induction of ERK protects intestinal cells from apoptosis, despite the absence of glutamine. These results further confirm a critical role for ERK in glutamine-mediated intestinal cell survival.
DISCUSSION
Despite numerous experimental and clinical studies demonstrating the importance of glutamine in the intestine, the molecular mechanisms by which it enhances intestinal cell growth have not been clearly elucidated. In our present study, we have demonstrated that activation of ERK is an important contributor to glutamine-mediated intestinal cell survival. Our findings implicating ERK as a critical signaling pathway for the effects of glutamine provide important mechanistic insights into the antiapoptotic effects of glutamine in the intestine.
The MAPKs represent an important signal transduction pathway for the effects of growth factors and other proteins, which ultimately affect cell proliferation, survival, or apoptosis. We have demonstrated that glutamine treatment following a period of starvation results in the rapid activation of ERK, a MAPK protein, which has been implicated in numerous and important pathways of the intestine including proliferation, cell survival, and differentiation. Rhoads et al. (27) previously reported ERK activation following a short period of glutamine treatment in intestinal epithelial crypt (IEC)-6 cells. Our findings demonstrate that ERK activation occurs following prolonged starvation. Furthermore, we have shown that activation of ERK functions as a cell survival mechanism to prevent apoptosis as opposed to enhancing proliferation. The antiapoptotic effects of ERK mediated by glutamine concur with recent findings by Bhattacharya et al. (3) , who showed that inhibition of ERK increased apoptosis in polyamine-depleted IEC-6 cells. Others have shown that ERK activation plays a critical antiapoptotic role in intestinal cells during periods of cellular stress (14, 45, 46) . Similar findings of increased ERK activation and the prevention of apoptosis have been reported using nonintestinal cell lines. For example, ERK activation protects renal epithelial cells and cardiomyocytes against oxidative injury and cell death (1, 15) . Furthermore, Holmstrom et al. (14) have demonstrated that ERK, in conjunction with NF-B, protects Jurkat cells from Fas-induced apoptosis. Our in vitro results suggest that ERK activation, mediated by glutamine, plays a predominantly antiapoptotic role in intestinal cells, which are further supported by Sheng et al. (35) , who showed that increased levels of activated ERK did not correlate with increased proliferation or alter cell cycle progression in RIE cells.
The critical role for ERK activation in intestinal cells was further established using a novel RIE cell line stably transfected with an inducible Ras, thus leading to constitutive ERK activation. Inhibition of ERK by selective MEK inhibitors significantly increased apoptosis in these cells, despite treatment with glutamine or the activation of Ras. Surprisingly, we did not note activation of either JNK or p38 in intestinal cells following glutamine treatment. Although JNK and p38 are recognized as the stress-related kinases, it appears that ERK is the predominant MAPK signaling protein that contributes to the increased cell survival with glutamine treatment. Taken together, these results demonstrate that ERK plays a significant role in glutamine-mediated intestinal cell survival.
The PI3K/Akt pathway is critical for survival and proliferation of numerous cell types. We have previously shown that activation of PI3K/Akt is important for small bowel and colon mucosal proliferation after fasting and subsequent refeeding (35, 42) . Our initial hypothesis was that glutamine-mediated survival occurred through the activation of PI3K. In contrast, we found that glutamine deprivation increased Akt activation; conversely, levels of activated Akt were decreased with glutamine supplementation. The addition of the selective PI3K inhibitor wortmannin further increased RIE-1 cell apoptosis in glutamine-deprived cells. These results indicate that PI3K activation occurs with nutrient deprivation, likely as a protective mechanism to limit further apoptosis associated with cellular stress. Although PI3K/Akt is commonly activated by a Fig. 6 . Inhibition of Ha-ras-induced ERK increases RIE-iRas cell apoptosis. A: RIE-iRas cells were maintained in the presence of glutamine with or without isopropyl-1-thio-␤-D-galactopyranoside (IPTG) (5 mM) for 24 h. IPTG induces Ha-ras, which, in turn, activates ERK expression. ERK phosphorylation was detected by Western blot analyses using anti-phospho-ERK (Thr202/Tyr204) antibody. Membranes were stripped and reprobed with anti-ERK antibody to assess total protein levels. Membranes were then probed with ␤-actin as a loading control. B: RIE-iRAS cells were maintained in the presence or absence of glutamine and stimulated with IPTG (5 mM) or vehicle for 24 h; DNA fragmentation ELISA was then performed (*IPTG ϭ P Ͻ 0.05 vs. IPTG Gln-treated without IPTG). C: RIE-iRas cells were maintained in the presence or absence of glutamine and pretreated with U-0126 (10 M) or vehicle. Following 30 min of pretreatment, cells were subsequently treated with IPTG for a further 24 h; DNA fragmentation was then performed (*P Ͻ 0.05 vs. control; †P Ͻ 0.05 vs. Gln-deprived ϩ IPTG; ‡P Ͻ 0.05 vs. Gln-treated ϩ IPTG). D: RIE-iRas cells were maintained in the presence of glutamine with or without IPTG (5 mM). Cells were simultaneously treated with U-0126 (10 M) or vehicle for 24 h. Cells were then collected and ERK phosphorylation was assessed by Western blot analysis using anti-phospho-ERK antibody. Membranes were stripped and reprobed with anti-ERK antibody to assess total protein levels and ␤-actin as a loading control. All experiments were performed in serum-free media. (Western blot analyses shown in A and D are representative of 3 separate experiments. DNA fragmentation ELISA results are from 3 separately performed experiments.) plethora of growth factors, similar to our results in intestinal cells, this activation can occur during periods of cell stress. Zhou et al. (46) demonstrated that the PI3K/Akt pathway was activated in RIE-1 cells exposed to H 2 O 2 . In addition, the PI3K/Akt pathway interacts with the mammalian target of rapamycin (mTOR) pathway to regulate important cellular functions during periods of nutrient deprivation (e.g., amino acid deprivation) (26) . Our laboratory is currently delineating the potential role of the PI3K/Akt/mTOR pathway in glutamine-deprived intestinal cell survival.
Glutamine supplementation also activated phosphorylated PKD (916) . PKD activation occurs in response to a number of stimuli and appears to play a role in cell proliferation and protection of cells from apoptosis during oxidative stress (38 -40) . Other investigators have reported that PKD activation stimulates the ERK pathway (5, 7, 36) ; however, we did not observe changes in PKD (916) levels with ERK inhibition. Furthermore, we did not consistently detect changes in PKD (744/748) with glutamine treatment. Activation of serine 744 and 748 (the so-called "activation loop") has been reported to be a prerequisite for full PKD kinase activity, and PKD does not autophosphorylate its own activation loop (40) . Further studies will be necessary to correlate our observed findings of increased PKD (916) activation in glutamine-mediated intestinal cell survival. Although PKD (916) is activated with glutamine treatment, this activation appears not to be required for enhanced cell survival.
In conclusion, we have demonstrated a critical role for ERK in glutamine-mediated intestinal cell survival; inhibition of ERK increased levels of apoptosis. Conversely, the induction of ERK in RIE-iRas cells significantly decreased apoptosis with glutamine deprivation; this protective effect was further enhanced with glutamine. Moreover, we have demonstrated an important role for the PI3K/Akt pathway during periods of intestinal cell nutrient deprivation. Further studies are needed to identify the counterbalance effects of the ERK and PI3K/Akt pathways in intestinal cell survival. Importantly, our findings provide novel insights into the molecular mechanisms regulating the gut protective effects of glutamine, a commonly used supplement to enteral feedings. These results provide a better understanding of how signaling pathways are activated and their roles during periods of intestinal cell stress.
